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Abstract. By extending a prior model [A.R. Bell, J.R. Davies, S.M. Guerin, Phys. Rev. E 58, 2471 (1998)],
the magnetic ﬁeld generated during the transport of a fast electron beam driven by an ultraintense laser
in a solid target is derived analytically and applied to estimate the eﬀect of such ﬁeld on fast electron
propagation through a buried high-Z layer in a lower-Z target. It is found that the eﬀect gets weaker
with the increase of the depth of the buried layer, the divergence of the fast electrons, and the laser
intensity, indicating that magnetic ﬁeld eﬀects on the fast electron divergence as measured from Ka X-ray
emission may need to be considered for moderate laser intensities. On the basis of the calculations, some
considerations are made on how one can mitigate the eﬀect of the magnetic ﬁeld generated at the interface.
1 Introduction
The transport through high density plasmas of relativis-
tic electron beams generated by ultraintense laser-plasma
interaction has attracted signiﬁcant recent interest [1–5]
because of their potential application in ultrashort bright
X-ray sources [6,7], laser-driven ion acceleration [8], and
the fast ignitor scheme for inertial conﬁnement fusion [9].
An accurate characterization of the fast electron proper-
ties is of particular importance for these applications.
The divergence of the fast electron beams is one of the
critical parameters, aﬀecting the beam current density and
the energy deposition in an ICF target. Various diagnos-
tic methods have been used to measure the fast electron
divergence, such as Ka X-ray emission [10], shadowgra-
phy [11], optical self-emission from the rear surface [12],
and proton emission [13]. It is generally found that the di-
vergence measured in the experiments increases with laser
intensity [14], though some discrepancy exists among the
diﬀerent diagnostic methods because each one is depen-
dent on diﬀerent parameters [11]. It should also be noted
that the divergence investigated in the experiments usu-
ally results from the transport eﬀects of the electrons in
the target. Recently, Yang et al. [15] proposed a scheme
to infer the intrinsic divergence of the fast electron beam
by Ka X-ray emission with the help of an external axial
magnetic ﬁeld; the intrinsic divergence where can be in-
ferred from measurements of the beam radius at diﬀerent
depths under the eﬀect of an appropriate external axial
magnetic ﬁeld.
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Fig. 1. Schematic describing of the target with a buried high-Z
tracer layer.
A high-Z layer (such as Cu, Ti) is usually buried in a
low-Z target (such as CH2, Al) to infer the fast electron
divergence in the Ka X-ray emission scheme, as shown in
Figure 1. X-rays are emitted via electron-impact ioniza-
tion of the innermost shell and subsequent ﬂuorescence,
in energy ranges from several keV to several tens keV
for high-Z materials. However, Bell et al. [16] showed
that a strong self-generated magnetic ﬁeld is generated
at the interface between materials with diﬀerent resistivi-
ties, which can magnetize the fast electrons crossing such
interface, resulting in an inhibition of fast electron prop-
agation in the target. Evans [17] observed strong mag-
netic ﬁeld (∼2500 T) generated at the interface between
an Al layer and a CH substrate using LSP simulations,
causing the fast electrons to propagate along the inter-
face. Wei et al. [18] observed that the maximum energy
and number of energetic protons from double-layer targets
are greatly reduced in comparison to pure aluminum and
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plastic targets of the same thickness, and attributed this
eﬀect to strong magnetic ﬁeld generation at the interface.
Furthermore, Gizzi et al. [19] also found that the laser-
driven ion beam was emitted with a much smaller angular
spread from a metal foil coated with a dielectric lacquer,
compared with the beam from an uncoated metal foil.
They also attribute this eﬀect to the growth of the self-
generated magnetic ﬁeld at the metal-dielectric interface,
which allows only the higher energy fast electrons prop-
agating close to the axis to leak through the target. All
these papers indicate that, the intrinsic divergence of the
fast electron beams may be altered by the magnetic ﬁeld
at the surfaces of a buried layer, and that any divergence
measurement based on Ka X-ray emission from buried lay-
ers should take this eﬀect into account.
In this paper, we revisit the calculations by Bell
et al. [16], extending them to the case of a layer embedded
in the bulk of the target, and investigating the eﬀect of the
B-ﬁeld at the interface as a function of a range of parame-
ters not explicitly investigated in reference [16]. The mag-
netic ﬁeld generated during the fast electron beam trans-
port through a solid target is derived, on the assumption
that the fast electron current is neutralized completely by
a cold return current. The eﬀect of the magnetic ﬁeld gen-
erated at the buried layer surfaces on the fast electron is
estimated through the magnetization of the fast electron
beam, as done in reference [16]. It is found that the mag-
netization becomes weaker with the increase of the depth
of the buried layer, the divergence of the fast electrons,
and the laser intensity. This conﬁrms that care should
be taken when inferring the fast electron divergence mea-
sured from the Ka X-ray emission, particularly in case of
moderate laser intensities as the measurements may re-
veal divergence values larger than the intrinsic divergence
of the beam.
2 Source of magnetic ﬁeld generation
We consider an ultraintense laser pulse interacting with
a solid target containing a buried high-Z tracer layer.
The interaction drives through the target a fast electron
beam having a current which greatly exceeds the Alfve´n
limit [20], as shown in Figure 1. In order to be able to
propagate through the target, the fast electron current
needs to be neutralized by a return current. For the pur-
pose of estimating the magnetic ﬁeld at the interface, we
assume in ﬁrst approximation that the fast electrons are
unaﬀected by the magnetic ﬁeld. With a two-ﬂuid theory,
the equation of motion of the nonrelativistic background
cold electrons is given by [21]:
∂ve
∂t
+(ve∇)ve = − e
me
(E+ve×B)− ∇p
mene
−νeive, (1)
where ve is the electron velocity, e is the electron charge,
ne is the electron number density, me is the electron mass,
E is the electric ﬁeld, B is the magnetic ﬁeld, p = nekBTe
is the electron thermal pressure, kB is the Boltzmann
constant, Te is the electron temperature, νei is collision
frequency of electrons and ions. For an ultraintense laser
pulse interacting with a solid target, the electron-ion col-
lision frequency becomes comparable to the local plasma
frequency, and the fast electron density is negligible com-
pared to the cold plasma density. In this case, one can
neglect the electron inertial term in equation (1) [22],
0 = E + ve ×B + ∇p
ene
+ eneveη. (2)
The electron-ion collision frequency has been replaced by
the resistivity through the expression η = meνei/nee2 in
equation (2). Assuming that the fast electron currents can
be neutralized completely by the cold return current (i.e.,
jc = −jh), which is usually satisﬁed in the situation of
ultraintense laser-driven fast electron propagation in high
density plasma [23,24], where jc = −eneve is the cold
electron current and jh is the fast electron current, one
can write
E = − 1
nee
jh ×B− ∇p
ene
− ηjh. (3)
Taking the curl of equation (3) and combining with
Maxwell equations, one can obtain
∂B
∂t
=
1
e
∇×
(
jh
ne
×B
)
+
kB
nee
∇Te×∇ne+∇×(ηjh). (4)
This expression suggests that a strong magnetic ﬁeld may
be generated as fast electron beams propagate through
a steep density or resistivity gradient, which can reﬂect
or trap the fast electrons – this is exactly in the situ-
ation taking place in the case of fast electron diagno-
sis with a high-Z tracer layer. Three terms contribute
to the generation of the magnetic ﬁeld: magnetic force
term, thermoelectric source term, and the resistive term,
which, respectively, are often dominant in the cases of
ideal Magnetohydrodynamics (MHD), long pulse laser-
plasma interaction and charged particles transport in a
dense background plasma [25,26]. We will show in the
following considerations that the resistive magnetic ﬁeld
is dominant for the generation of the magnetic ﬁeld at
the tracer layer surfaces. Note that the eﬀect of the mag-
netic diﬀusion is neglected here. The characteristic diﬀu-
sion distance by the end of the laser pulse can be given by
Ld = (ητL/μ0)1/2 [16,24], where τL is the duration of the
laser pulse. Applying the standard value of the Spitzer re-
sistivity [27] to estimate Ld, one can ﬁnd that Ld is small
for the materials that have been heated and ionized by
pecosecond laser pulses [16,24].
For a solid target, background plasma heating by the
fast electron beams is mainly via Ohmic heating [28,29],
and thus the cold electron temperature can be given by
3
2
nekB
∂Te
∂t
= ηj2c = ηj
2
h. (5)
The Spitzer resistivity is valid for all materials at temper-
atures higher than 100 eV [27], and is therefore used in
this paper:
η = 10−4
Z lnΛ
T
3/2
e
, (6)
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where Z is the ionization state of the target and lnΛ is the
Coulomb logarithm. One can obtain the temperature Te
by integrating equation (5) directly,
Te =
(
T
5/2
0 +
3
5
× 10−4Z lnΛ
nekB
j2ht
)2/5
, (7)
where T0 is the initial temperature of the target.
In the following study, we will use a rigid beam model
for the fast electron current [30] to investigate the eﬀect
of the self-generated magnetic ﬁeld at the interface on the
fast electron propagation, supposing the fast electron cur-
rent has an axial symmetry,
jh = −j0 exp(−r2/r2b )ez , (8)
where j0 = αI/Th [23], α is the laser-fast-electron energy
conversion eﬃciency, I is the laser intensity, rb is the spot
radius of the laser pulse, ez is the unit vector in the z
direction, and Th is the fast electron temperature given
by the ponderomotive scaling [31], i.e.,
Th = mec2
(√
1 + Iλ2/(1.37× 1018 W/cm2)− 1
)
,
where λ is the laser wavelength. Such model was usu-
ally applied in the previous hybrid PIC/ﬂuid simula-
tions [28,32,33], where fast electrons are injected into the
target at a random angle to the axis with a uniform dis-
tribution in an initially speciﬁed divergence angle.
3 Results
We ﬁrstly consider the situation of a Cu layer buried in a
CH2 target with a buried depth of 25 μm. The thickness
of the Cu layer is 5 μm. The materials are blended slightly
(∼1 μm) at the interface for numerical reasons. The den-
sity and ionization state of the target and tracer layer are
given as
ne =
1
2
(nCu − nCH)
×
[
tanh
(
z − 25
0.2
)
+ tanh
(
30− z
0.2
)]
+ nCH,
Z =
1
2
(ZCu − ZCH)
×
[
tanh
(
z − 25
0.2
)
+ tanh
(
30− z
0.2
)]
+ ZCH, (9)
where nCu = 2.44×1024/cm3 and nCH = 1.14×1023/cm3
are the electron number density of Cu and CH2, ZCu = 29
and ZCH = 2.67 are the ionization state of Cu and CH2,
respectively, z is in units of μm. The initial temperature
of the target is set to 100 eV. The fast electrons are pro-
duced by a laser pulse with an intensity of 1019 W/cm2
and a pulse duration of 0.5 ps. The spot radius of the
laser pulse is 10 μm. The fast electron absorption eﬃ-
ciency is set to 0.2 [34,35], thus a fast electron current
density of 2.1 × 1012 A/cm2 is produced. The divergence
of the fast electrons is set to 30◦. Combining equations (4)
and (5), we can obtain the self-generated magnetic ﬁeld
as the fast electrons propagate in the target described by
equation (9). For simplicity, a beam proﬁle of
jh = −j0 r
2
b
(rb + z tan(θ))2
exp
(
− r
2
(rb + z tan(θ))2
)
ez
is applied for the fast electron current as the fast elec-
tron divergence is considered, where θ is the fast electron
divergence, z is the distance along the propagation axis
from the source. It is based on the fact that the current
is conserved during the fast electron propagation. Here
we have neglected the feedback of both the magnetic and
electric ﬁeld onto the fast electron current. Though the
laser-generated electrons usually have a Maxwellian dis-
tribution [31,36,37], the eﬀect of the velocity dispersion
of the fast electrons on the generation of the magnetic
ﬁeld could be negligible here. It is due to the fact that
the fast electron current is characterized by the average
velocity of the fast electrons, i.e., the fast electrons having
energies around the mean energy would have a dominant
contribution to the electron current. Contributions from
the electrons with energies far away from the mean energy
are very small. In addition, both the depth of the buried
layer and the thickness of the solid target here are much
smaller than the propagation distance of the fast electrons
during the laser pulse.
In Figure 2, we show the distribution of the total mag-
netic ﬁeld (a), magnetic force term contribution (b), re-
sistive magnetic ﬁeld (c), and the thermoelectric source
term (d), as presented in equation (4). It can be seen that
the magnetic ﬁeld can exceed –5000 T at the front surface
of the Cu layer, which is signiﬁcantly greater than the ﬁeld
generated around the periphery of the fast electron beam
due to the resistivity gradient generated by the tempera-
ture variation of the target. The contributions of the mag-
netic force term and thermoelectric source term are very
weak compared to the resistive ﬁeld, and can be ignored,
consistently with the above discussion. The term magnetic
ﬁeld refers to the total magnetic ﬁeld hereafter. Strong re-
sistive magnetic ﬁelds generated at the interface of diﬀer-
ent materials have been observed in recent collisional PIC
simulations [38,39], which have a similar magnetic ﬁeld
distribution and magnitude as our results. The Larmor
radius of the fast electrons in the magnetic ﬁeld region
would become very small as the magnetic ﬁeld is large.
Then the fast electrons will be magnetized and unable to
propagate out of the magnetic ﬁeld region. Since our con-
cern is whether the fast electrons can propagate through
the magnetic ﬁeld region, the magnetic ﬂux φ =
∫
Bdz
across the interface is the crucial factor aﬀecting fast elec-
tron propagation. It is noted that if the magnetic diﬀu-
sivity is small, the ﬂux will be concentrated as a large
magnetic ﬁeld close to the interface; in the opposite case,
the magnetic ﬁeld will be smaller but spread over a larger
distance in z. In other words, the magnetic ﬂux may be
similar in both these cases. In order to investigate the
magnetic ﬁeld inﬂuence, we will apply the “magnetization
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Fig. 2. The distribution of total self-generated magnetic ﬁeld (a), magnetic force term contribution (b), resistive magnetic
ﬁeld (c), and thermoelectric source term (d) for the case with a laser intensity of I = 1019 W/cm2 and fast electron divergence
of 30◦ at t = 0.5 ps. The magnetic ﬁeld is in units of T and the white dashed lines mark the initial position of the buried layer.
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Fig. 3. The distribution of the self-generated magnetic ﬁeld along the front and rear surface of the buried layer (a) and the
magnetic ﬁeld distribution along the z-axis around r = 10 µm (b).
parameter” M suggested by Bell et al. [16] to estimate the
magnetic inﬂuence at the interface,
M =
∫
Bdz
rLBc
, (10)
where rL = γmev/eBc =
√
γmekBTh/eBc is the fast elec-
tron Larmor radius in the characteristic magnetic ﬁeld Bc
at the interface, γ = (1− v2/c2)−1/2 is the relativistic fac-
tor of the fast electrons. If M > 1, the region occupied by
the magnetic ﬁeld is wider than the fast electron Larmor
radius and the fast electrons are magnetized. On the con-
trary, M < 1 indicates that the fast electron Larmor ra-
dius is large enough to take them outside the magnetic
ﬁeld region, thus they can not be magnetized.
Figure 3 shows the magnetic ﬁeld proﬁle both at the
front and rear surface of the Cu layer. The magnetic ﬁeld
proﬁle along the z-axis is also presented. It can be seen
that the proﬁle of the magnetic ﬁeld at the rear surface is
similar to that at the front surface- a little weaker than
the latter because of the decrease of the fast electron cur-
rent density. We have estimated the value of M using the
magnetic ﬁeld given in Figure 3b, which shows that M
reaches 3.3, indicating that most of the fast electrons can
be magnetized around the interface. This leads to the fast
electrons propagating along the interface and ionizing the
buried layer, so that the spot size of the Kα X-rays mea-
sured in experiments may be wider compared to the case
without the buried layer. That is, the measured diver-
gence of the fast electrons may be larger than the intrinsic
divergence.
To see the eﬀect of laser pulse duration on the fast elec-
tron propagation, the magnetic ﬁeld distributions along
the z-axis for three pulses with diﬀerent duration are
shown in Figure 4. One can see that both of the amplitude
and the occupied region of the magnetic ﬁeld increase with
the pulse duration. The value of M can reach 5.2 for the
case with a pulse duration of 1 ps, indicating that the fast
electron divergence measured in experiments may increase
with pulse duration under this condition due to the fact
that more and more electrons are conﬁned in the magnetic
ﬁeld region and propagate along the interface.
For comparison, we also vary the buried depth of the
Cu layer in the target. Figure 5a shows the magnetic ﬁeld
proﬁle for the cases with three diﬀerent depths. It can be
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Fig. 4. The evolution of the self-generated magnetic ﬁeld dis-
tribution along the z-axis around r = 10 µm.
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Fig. 5. The proﬁle of the self-generated magnetic ﬁeld along
the z-axis around r = 10 µm for the cases with diﬀerent buried
depth (a), diﬀerent fast electron divergence (b), and diﬀerent
laser intensity (c). The laser intensity is ﬁxed to 1019 W/cm2
in (a) and (b), the fast electron divergence is ﬁxed to 30◦ in (a)
and (c), the depth of the buried layer is ﬁxed to 25 µm in (b)
and (c) (same in Fig. 6).
seen that magnetic ﬁeld decreases with the buried depth
due to gradual decrease of the current density through
the target. The resistive magnetic ﬁeld having a form of
∇η× jh +η∇× jh is the dominant mechanism for the gen-
eration of the magnetic ﬁeld here. Since the gradient of
the resistivity is mainly along z-axis, if a fast electron cur-
rent has a large component in the transverse direction, the
ﬁrst term above should generate a strong magnetic ﬁeld.
This implies that the self-generated magnetic ﬁeld may
be much stronger for a fast electron current with a large
divergence. However, in Figure 5b, it is seen that both the
magnetic ﬁeld amplitude and the extent of the region con-
taining the magnetic ﬁeld decrease with divergence. This
is mainly due to the fact that, due to the large divergence,
the fast electron current density decreases rapidly as the
penetration depth increases. For the higher laser inten-
sity, a larger fast electron current is produced, leading to
a stronger magnetic ﬁeld, as shown in Figure 5c.
For completeness, the magnetization parameters for
the cases shown in Figure 5 are estimated, as shown in
Figure 6. It can be seen that M decreases with increasing
the buried depth of the Cu layer, divergence of the fast
electrons and the laser intensity. For all of the cases con-
sidered here, M is always greater than 1, indicating that
fast electron magnetization occurs. Since the fast electron
divergence usually increases with laser intensity [14], in
principle larger divergence should be applied for higher
laser intensities. That is, the magnetic ﬁeld eﬀect on the
fast electron propagation may be weaker than estimated in
Figure 6c for higher laser intensities, but should be taken
into account for the cases with a moderate laser intensity.
In addition, in order to obtain an accurate measurement
of the divergence for the fast electron beam in the ex-
periments, it is generally better to bury the tracer layer
farther into the target away from the source of the fast
electrons. The magnetic ﬁeld at the interface in this case
would be weaker due to the lower fast electron current in
this way.
From the above results, we see that a very strong mag-
netic ﬁeld is generated at the interface between the Cu
layer and the CH2 substrate due to the steep resistivity
and density gradients between these two materials. The
magnetic ﬁeld amplitude is reduced if one employs a tracer
layer with lower Z (e.g. Al) or diﬀerent combinations such
as a Fe target and a Cu tracer layer where the gradients
in density and resistivity are less signiﬁcant. Moreover, to
employ a tracer layer with a thickness as small as possible
is also beneﬁcial for reducing the magnetic ﬁeld eﬀects.
Figure 7 shows the distribution of the self-generated mag-
netic ﬁeld along z-axis for diﬀerent targets and tracer lay-
ers. It can be seen that, since a very thin Cu layer (1 μm)
is employed, the magnetic ﬁeld reduces signiﬁcantly even
for the CH2 target due to the fact that the magnetic ﬁelds
at the front and rear surface of the buried layer can coun-
teract each other because of their diﬀerent polarity and
the very thin Cu layer. The magnetization parameter M
(∼1.3) is just slightly greater than 1 in this situation. The
magnetization parameter is less than 1 for the Al tracer
layer, thus the magnetic ﬁeld inﬂuence can be ignored in
this case. For the case of Fe target and Cu tracer layer, M
is safely below 1 due to that the density and resistivity be-
ing very close for these elements. It also can be seen that a
strong resistive magnetic ﬁeld (in the front of the Cu layer
and with an amplitude of ∼1500 T) is generated around
the periphery of the fast electron beam, which can colli-
mate the fast electron beam. This points to the advantage
of using thin tracer layers where possible, compatibly with
the requirement of generating enough Kα signal to enable
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Fig. 6. The magnetization parameter as a function of the depth of the buried layer (a), fast electron divergence (b), and laser
intensity (c).
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Fig. 7. The proﬁle of the self-generated magnetic ﬁeld along
the z-axis around r = 10 µm for the cases with CH2 target and
Cu/Al buried layers and Fe target and Cu buried layer. The
thickness of the buried layer is ﬁxed to 1 µm. Other parameters
are the same as that in Figure 1.
its detection. Sub-micron layers have indeed been used
successfully in experiments diagnosing hot electron prop-
agation, e.g. 0.4–0.5 μm of Al or Cu in references [40,41],
and provide a better framework to measure electron prop-
agation with a lower level of magnetic ﬁeld interference.
Reducing signiﬁcantly the layer thickness below these val-
ues is however likely to be unpractical from the point of
view of signal strength.
4 Conclusion
In conclusion, the eﬀect of buried layer on the fast electron
propagation in a solid target is studied, in conditions of
relevance to Kα X-ray emission diagnosis of fast electron
divergence. The self-generated magnetic ﬁeld is derived on
the assumption that the cold return current can neutralize
completely the fast electron current. Then the magnetic
ﬁeld was solved numerically using a rigid beam model. It
is found that the magnetic ﬁeld generated at the inter-
face between the high-Z layer and the bulk of the target
can magnetize the fast electrons and induce fast electrons
spread along the interface. This eﬀect becomes weaker as
one increases the depth of the tracer layer, the fast elec-
tron divergence, and the laser intensity, which indicates
that such eﬀect on the fast electron divergence measured
from the Kα X-ray emission may need to be considered for
the cases with moderate laser intensities as it may alter
the fast electron divergence. Utilizing a moderate Z tracer
layer or some nearby elements for the tracer layer and bulk
target and a thin tracer layer can mitigate the inﬂuence
of the tracer layer on the fast electron propagation.
We note that our simple calculations can show whether
the self-generated magnetic ﬁeld at the interface will have
an eﬀect on the fast electron divergence measured from
Kα X-ray emission under certain conditions, but we can
not show how large such eﬀect will be. A fully kinetic
simulation that includes relativistic collisions of particles
is needed to resolve the magnetic ﬁeld self-consistently due
to the steep gradients of the density and resistivity at the
interface. This will be the object of future investigations.
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